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Abstract
Toxic heavy metal poisoning with metals including lead, mercury, and cadmium, whether
in the environment or through ingestion, remains a persistent problem. Remediation of metal
contamination and poisoning has generally been treated with chelating agents that bind metals,
rendering them inert, and allow for easier removal. Chelation involves the formation of two or
more separate coordinate covalent bonds between a polydentate ligand and a single central atom.
However, chelators are not without side effects. Due to the similar size of metal ions and lack of
specificity of ligands, chelators can also remove beneficial metals like iron and zinc from the
body. This thesis focuses on identifying macrocyclic chelators that will bind specifically to toxic
heavy metals and not physiologically important transition metals such as iron and zinc. It is well
known that toxic metals have an affinity for sulfurs and therefore macrocyclic thiaethers are
potential chelating agents for these toxic metals. The macrocycle 1,4,7-Trithiacyclononane
([9]aneS3) is the ligand of interest for this study due to its small cavity size. Previous studies
(unpublished) indicated that [9]aneS3 binds mercury very strongly. This study probes further
into the strength of metal-ligand complexes of 1,4,7-Trithiacyclononane with first row transition
metals by using absorbance values measured with UV-Visible spectroscopy. Stability constant
calculations were performed based on the McConnell-Davidson equation. Molar extinction
coefficients (€) of M([9]aneS3)22+ complexes were determined to be in the range of 10000 –
34000 M-1cm-1. The stability constants (log β) of M([9]aneS3)22+ were found to be in the range
of 1.4– 4.9 (Table 7). These results show that the chelator, 1,4,7-Trithiacyclononane binds
several first row transition metal ions weakly. This weak binding with transition metals yet
strong binding with mercury suggests that 1,4,7-Trithiacyclononane may function as a potential
selective chelator for mercury. The ratio of metal to ligand complexes was also determined using
Job’s plot analysis. Results show that first row transition metals bind to the ligand in a ratio of
1:2. This suggests that the ligand 1,4,7-Trithiacyclononane, presumably binds metal ions in an
octahedral geometry, where the metal ion is sandwiched between two molecules of ligands. In
this preferential geometry the metal ion is bound to six sulfur atoms from two ligand molecules.
Taken together, these results help us understand binding preferences and mechanisms of
transition metals and toxic heavy metals towards macrocyclic thiaethers.
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Characterization of 1,4,7-Trithiacyclononane as a Potential Toxic Heavy Metal Chelator

1. Introduction
Toxic heavy metal poisoning, whether in the environment or through ingestion, remains a
persistent problem around the world. Exposure to toxic heavy metals arises from diverse
circumstances including environmental, medicinal, industrial, by accident, and by harmful intent.
Some of the main threats to human health by heavy metals are associated with exposure to lead,
mercury, and cadmium (Baldwin et al, 1999).
Contamination and poisoning by heavy metal ions have generally been treated with
chelating agents that bind metal ions rendering them inert, and allow for easier removal. Many
chelating agents include several forms of macrocycles and macrocyclic crown ethers including
molecules where the oxygen atom is replaced by nitrogen or sulfur. Crown thiaethers are cyclic
molecules that can capture different metal ions depending on the size of the cavity of the
thiaether and the radii of the metal. However, these heavy metal chelators are not without side
effects. Due to the similar size of metal ions and lack of specificity of chelating agents, chelators
can also remove beneficial metals like manganese, iron, and, zinc from the body.

1.1 Metals
Metals are often thought of as solid, shiny materials that have good electrical and thermal
conductive properties. These properties are most characteristic of transition metals, which make
up the largest grouping of metals on the periodic table [Fig.1]. These metals are distinctive in
that they have empty or partially filled d-orbitals that allow them to accept electrons. The less
reactive and slow to oxidize metals are located on the fourth row and include copper, iron, zinc,
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cobalt, nickel, manganese, and chromium. Heavy metals are considered to be post-transition
elements that have an atomic mass of mass of 200 or more [e.g. mercury (200) and lead (207)].
Yet in practice the term ‘heavy metal’ has come to refer to any metals that cause undesirable
effects or constitute as a potential hazard. These metals include mercury, cadmium, and lead.

Figure 1. Periodic Table of Elements with transition metals highlighted. Metals in the red box
represent transition metals studied in this paper (Powner).

Metals are relatively similar in size, however, heavier metals have larger atomic radii and
are more easily polarized compared to fourth row transition metals. Due to size difference,
smaller metal ions [e.g. iron, zinc, & calcium] often have important physiological functions
where they can form coordination complexes with proteins that contain nitrogen and oxygen
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atoms. Heavier metals are less likely to have significant cellular functions, as they tend to form
coordination complexes with larger and polarizable sulfhydryl ligands.
When heavy metals enter the human body, they exert their toxic effects by competing
with physiologically important transition and other metals that have similar physical and
chemical properties, thus preventing proper cellular functions. Excessive metal poisoning can
also disrupt other cellular functions; for example in membranes and in the mitochondria by
inducing emissions of free radicals (Baldwin et al, 1999).

1.2 Toxicity of Cadmium (Cd)
Cadmium is one of the most common naturally occurring toxic heavy metals present in
the environment. Cadmium usage and emissions have dramatically increased in the 20th century.
It is commercially used in television screens, lasers, paint pigments, nickel-cadmium batteries,
and prior to the 1960s was used to weld seals in lead water pipes. Cadmium pollution has
increased because cadmium-containing products are rarely recycled and are often dumped with
household wastes (Järup, 2003; Baldwin et al, 1999). Exposure to cadmium occurs mainly
though inhalation of fumes or ingestion of food. Those at most risk of cadmium poisoning are
workers involved in handling, assembling, and dismantling mobile phones, computer circuit
boards, and batteries (Johri et al, 2010). Non-industrial exposure to cadmium comes primarily
from food grown in contaminated soil and water and cigarette smoke (Bernhoft, 2013).
Cadmium has chemical properties similar to zinc, and when ingested, it competitively
binds with physiologically important enzymes that require zinc and magnesium for their
functions by displacing zinc and magnesium. This affects the normal functionality of many
regulatory enzymes creating adverse health effects (Bernhoft, 2013).
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Cadmium’s main toxic effect in the body is on the kidneys. It accumulates in the renal tubular
cells and causes tissue injury through oxidative stress. Acute exposure to cadmium fumes, as in
the case of welders, can cause severe chemical pneumonitis (Johri et al, 2010). Long-term
exposure can lead to skeletal damage as was reported in Japan in 1940-1975. The disease was
known as Itai-Itai (meaning ‘Ouch!-Ouch!’) and was prevalent amongst populations living in
areas where cadmium-contaminated water was used to irrigate local rice fields. The symptoms of
the disease included proximal tubular damage, mild anemia, and a severe loss in bone minerals.
Toxicity by cadmium poisoning can be observed at blood levels of 5 μg/dl, which is lower than
the toxicity of mercury and lead (Moreau et al, 1983).

1.3 Toxicity of Mercury (Hg)
Mercury is a silvery-white shiny heavy metal that is often found within compounds and
inorganic salts. It can be released naturally in the environment by volcanic eruptions. Mercury
has been long used for various reasons including as a salve to soothe teething infants, as a
remedy for syphilis and as a diuretic (Järup, 2003). Mercury has since been known to have toxic
effects in humans leading international agencies to control and restrict mercury release in the
environment.
The general population is primarily exposed to mercury by foods such as fish, and by
industrial land contamination. One of the earliest studies of mercury poisoning was done in the
1960s in Minamata, Japan where an epidemic of spasticity, blindness, and mental retardation was
seen in infants born to mothers who consumed fish from mercury-contaminated waters
(Grandjean & Landrigan, 2006). Another case study was conducted in the 1970s, when over
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10,000 people in Iraq were poisoned from eating baked bread made from contaminated grains
(Järup, 2003).
Mercury poisoning, like other toxic metal poisoning, damages the kidneys that can cause
acute renal failure and death (Bose-O’Reilly et al, 2010). Chronic poisoning has been
characterized by neurological and psychological symptoms, such as tremors, changes in
personality, sleep disturbance, and depression. Though adults are affected, the greatest risk can
be seen in infants and young children. Several cross-sectional studies recorded significant
associations between mercury exposure and neurobehavioral impairment in young children
including loss of IQ points and decreased performance of tests, memory, language, and spatial
cognition (Grandjean et al, 2005). Mercury’s toxic effects in children are due to its ability to
displace calcium ions and pass through the underdeveloped blood-brain barrier. Mercury also has
a high affinity to sulfhydryl groups of amino acids thus disrupting normal enzyme function
(Bose-O’Reilly et al, 2010).

1.4 Toxicity of Lead (Pb)
Lead is a heavy metal found complexed with sulfur in nature. It has been widely used due
to its abundance, low chemical reactivity, easy extraction, and low costs. However, it has also
been known to have toxic effects since the past three millennia and even greater effects on
children in the past 100 years (Lidsky & Schneider, 2003). Public health groups and growing
studies on the effects of lead have improved regulation of lead exposure. However, lead
poisoning is still a major problem that affects urban centers and third world countries.
Lead has been used primarily in lead-acid batteries with the advent of motor vehicles and
continued use in house paint, piping, ceramics, and in gasoline (Garza et al, 2005). This wide use
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had made it accessible to the general population especially through gasoline emissions that have
polluted the air. Today lead can be found in older housing units in the United States, especially
in New York that still have piping soldered with lead and chipping walls that have underlying
lead paint. Lead is also prevalently used in various underdeveloped countries around the world
like in lead paints and toys (Järup, 2003).
In the body, lead acts similarly to other toxic metals by forming stable complexes with
sulfur atoms in enzymes and proteins. Lead displaces calcium and zinc ions from highly
important enzymes. Like mercury, it also replaces calcium allowing it to pass through the bloodbrain barrier in children. Lead may be more of a threat compared to other metals because it is in
easy reach for many children. There is an array of symptoms caused by lead poisoning in
children including developmental delays, abdominal pain, and neurologic changes, and it can be
fatal at micromolar levels. Lead blood levels of 10 μg/dL are considered a threshold level for
lead poisoning (Lidsky & Schneider, 2003).

1.5 Significance of Iron and Zinc Binding Enzymes
Many transition metal ions serve as integral components of physiologically important
enzymes and proteins. Iron in particular serves as a cofactor for a series of important proteins,
such as hemoglobin, myoglobin, and cytochromes. Zinc is another metal ion that is essential for
the function of many enzymes, especially, the heme synthesizing enzyme, Amino Levulinate
Dehydratase (ALAD). ALAD catalyzes the second step in the porphyrin and heme biosynthetic
pathway (heme, cytochromes and other hemoproteins).

Bakhtari

10

1.6 Adverse Effects of Heavy Metals Binding to Enzymes
According to research studies (Godwin et al, 2001) heavy metal toxicity is due to
displacement of essential metal ions from metal-binding enzymes. In the case of lead and
cadmium, both metal ions are known to bind with zinc-binding enzymes by displacing zinc from
the enzymes. This displacement affects the functions of the zinc-binding enzymes in an adverse
way, which leads to heavy metal poisoning. Lead and zinc have similar ionic radii, and thus, lead
displaces zinc from zinc binding enzymes fairly easily. When lead displaces zinc from the
enzyme ALAD, which is responsible for synthesis of heme, it leads to anemia that is commonly
seen in lead poisoned patients.

1.7 Chelation
The dominant method for remediating metal contamination and poisoning is by using
chelators. Chelators are molecules that bind with metal ions, rendering them inert, and allowing
for easier removal. The chelators in this study have ligand components that are either sulfur or
nitrogen atoms [Fig.2]. It is these atoms that bind to the metal ion to form coordinate covalent
bonds also known as coordination complexes. This reaction is possible because the nitrogen and
sulfur atoms are second and third row non-metals that have lone electron pairs that can be
donated to the transition metals. The transition metals located in the fourth rows and below have
empty d-orbitals that can capture these electrons [Fig. 3] (Bernhoft, 2013). Generally a chelating
agent that is able to form more coordinate bonds with the metal give a complex with greater
stability.
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Figure 2. Chelate effect: the Nitrogen atoms (N) act as ligands that form coordination bonds
with the metal ion (M).

Figure 3. Orbital overlap: The carbon (C) in cyanide donates its lone electron pair to the metal
ion (M) (Tem5psu)

Currently the most common chelator used for toxic metal poisoning is calcium disodium
ethylene diamine tetra acetic acid (CaNa2EDTA) EDTA that can form 4 to 6 coordinate bonds
with transition metal ions. Chelation involves two nitrogen atom and two or four oxygen atoms
from different carboxyl groups [Fig. 4]. Although these chelating agents are very helpful and
clinically used, they have dangerous side effects. CaNa2EDTA complexes with a wide variety of
metal ions in the body because most transition metals are similar in size. Serious effects include
renal failure and excess removal of calcium from the body. This is why chelation therapy
involves heavy monitoring of chelating agents and uses them in combination with supplements.
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+

Metal

Figure 4 . Ethylene diamine tetra acetic acid (EDTA) folds into itself capturing the metal
coordination bonds.

1.7.1 High Spin and Low spin Complexes

Metal-ligand complexes can be classified into either high spin or low spin states. Spin
states refer to how large the energy splitting or energy difference there is between two sets of dorbitals and whether electrons will prefer to pair up or move to a higher d-orbital. Low spin
states are considered to have a strong field ligand, that is, the d-orbitals have larger energy
differences and electron pairing occurs. High spin states have low energy difference, and so,
electrons prefer to occupy their own orbitals [Fig. 5].

Figure 5. This figure shows the electron pairing in orbitals of high and low spin states.
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Transition metals can be either high spin or low spin depending on how large the energy
splitting is between the d-orbitals. Moving down a group in the periodic table, the electron
difference in orbital energies increases as the pairing energies tends to decrease. For this reason
complexes in second- and third-rows are low spin and first row transition metals tend to be high
spin. However, first row transition metals can vary on spin depending on their molecular
geometry as each holds a different number of ligands and has a different orbital shape. For
example tetrahedral geometries, which has four places that the ligand can bind to the metal
[Fig.6A], have much smaller splitting energies that it will form high spin complexes with all
first-row transition metals, while octahedral geometries that can bind to six sites [Fig. 6B] have
larger splitting energies and will form low spin complexes instead.

Figure 6. A (left) shows a tetrahedral geometry. B (right) shows an octahedral
geometry.
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1.8 Crown Thiaethers
Even with various chelating agents out in the market, specificity for target metals needs
to be addressed in new drug development. One such group of molecules that may be able to
provide more specificity to metal is the macrocyclic ligand, crown thiaether.
Crown thiaethers are heterocyclic ethers where oxygen atoms are substituted for sulfur
atoms. It has been known that sulfur has a stronger affinity to heavy metal ions compared to
nitrogen and oxygen making it a more viable ligand. This is because the thermodynamic stability
of metal and ligand interactions is heavily based on whether they are hard or soft Lewis acids
(accept lone pair electrons) and Lewis bases (donate lone pair electrons). Generally, larger, more
polarizable metal ions that have a more diffuse electron cloud, and have lower charges are called
soft acids. Most heavy metals like mercury are soft acids and they are more likely to bind to soft
bases, which are typically large anions such as sulfide or phosphorus.
Figure 7 shows a variety of cyclic ligands that are intended for study for their potential
specific chelation effects. The main characteristic of these crown thiaethers is that metals will
bind in the central cavity of the molecule, allowing it to form the maximum number of
coordination complexes, thus creating even more stability. The size of the cavity of the thiaether
varies depending on the number of atoms in the ring. The size of the cavity influences the kind
of metal it can bind with and the strength of the metal-ligand complex.
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[9] aneS3

[15] aneS5

[12] aneS4

[18] aneS6

[14] aneS4

[16] aneS4

[21] aneS6
Kulatilleke, 2007

Figure 7. Various crown thiaether molecules that are potential heavy metal chelators
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1.9 The Goal of the Current Project
The goal of this study was to identify macrocyclic chelators that will bind specifically to
toxic heavy metals and not the physiologically important transition metals such as iron and zinc.
In order to do so, a variety of macrocyclic ethers containing different numbers of hetero atoms
such as nitrogen and sulfur were studied. Some of the ligands consisted of only sulfur atoms,
while others had either many nitrogen atoms or a mixture of nitrogen and sulfur atoms. The
ligands were first reacted with cadmium, lead and mercury. If the ligands bound any of the three
toxic heavy metal ions, they were reacted with first row transition metals such as chromium,
manganese, iron, cobalt, nickel, copper, and zinc in order to find their specificity.
It is well known that lead, cadmium and mercury have an affinity for sulfur. Therefore
macrocyclic thiaethers (macrocyclic ligands containing sulfur atoms) may serve as potential
chelating agents for lead, cadmium and mercury. Due to this reason, this study mainly focused
on macrocyclic thiaethers. Previous studies in our laboratory (Kulatilleke, 2007) with the largest
member of the thiaether family, [21] aneS6 [Fig. 8] showed weak binding with copper. It didn’t
bind any other transition or heavy metals. The second largest thiaether, [18]aneS6 also showed
weak binding with metal ions. Therefore, we decided to carry out our studies with a much
smaller thiaether, 1, 4, 7-Trithiacyclononane ([9]aneS3) [Fig.9]. Previous studies (unpublished
data) indicated that 1,4 ,7-Trithiacyclononane binds mercury very strongly. As our current results
indicate, the chelator with the highest potential was found to be the trithiaether ligand, [9]aneS3.

Bakhtari

17

Figure 8. Drawing of the cationic unit of Cu([21]aneS6)ClO4 (Kulatilleke, 2007)

Figure 9. 1,4,7-Trithiacyclononane ([9]aneS3)
MW: 180.35 g/mol
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Here we describe results that we accrued with 1,4,7-Trithiacyclononane. The ratio of
metal-ligand complexes was determined using Job’s plot data. The data indicate the number of
ligands that are bound to each metal ion and vice versa. The strength of metal-ligand complexes
(stability constants) for each metal was calculated using absorbance values measured using UVVisible spectroscopy. Stability constants were calculated using iterative mathematical
calculations based on McConell-Davidson equation and equilibrium constant data as explained
in the results section. These measurements involving 1,4 ,7-Trithiacyclononane and many first
row transition metals have not been studied previously by this technique. Job’s plot and stability
constant data for each metal-ligand complex studied help us understand binding preferences and
mechanisms of transition metals and toxic heavy metals towards macrocyclic thiaethers. These
results will facilitate in designing and of synthesizing new, more specific chelating agents for
toxic heavy metals.

2. Experimental

2.1 Materials
The ligand, 1,4,7 –Trithiacyclononane, and all metal perchlorates, sodium, chromium,
manganese, iron, cobalt, nickel, copper, zinc, cadmium, mercury, and lead, and HPLC grade
acetonitrile were purchased from Sigma-Aldrich. Ultraviolet and visible spectra were recorded
on Agilent 8452A UV-Visible Spectrophotometer. Cation binding studies were carried out in
anhydrous acetonitrile using metal perchlorate salts. Ionic strength of all solutions was
maintained at 0.1M using sodium perchlorate. (Warning! Metal perchlorate salts are
potentially explosive; the isolated salts should never be dried and should not be subjected
to shock!).
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2.2 Procedure
Metal Perchlorate solutions were prepared by dissolving weighed samples of metal
perchlorates in appropriate volumes of acetonitrile. Stock ligand solutions were prepared as
follows. A weighed sample of [9]aneS3 was placed in a volumetric flask and acetonitrile was
added. The solution was stirred with a magnetic bar until no more solid remained. An
appropriate amount of acetonitrile was added to adjust the final volume in the flask.

2.2.1 Preparation of metal ligand complexes for stability constant measurements
A stock solution was prepared by adding a known mass of the ligand into a 100ml
volumetric flask and dissolving in acetonitrile. The stock solutions of metal perchlorate were
prepared by weighing the metal perchlorate using an analytical balance. Afterwards, it was
carefully transferred to a 100.0 ml volumetric flask and acetonitrile was added to the correct
mark. A fixed volume of the ligand solution was added to a set of eight 25.0 ml volumetric flasks
using calibrated pipets. Then the required amount of the metal ion solution was added to each in
varying volumes to give different levels of metal ion concentrations. 0.1M sodium perchlorate
was added to maintain the required ionic strength. The prepared series of solutions was left for
40-60 minutes in order for them to achieve the equilibrium. The metal ligand complex solutions
were poured into cuvettes and absorbance measurements were recorded for each solution.
Maximum wavelength of absorbance observed varied between 265 – 340 nm for different
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metal-ligand complexes. Spectral measurements of a particular metal-ligand complex series were
measured at the maximum wavelength of absorbance of the particular metal-ligand complex.

2.2.2 Preparation of metal ligand complexes for Job’s Plots
A series of metal-ligand complexes were prepared for each metal, which complexes with
the ligand. For every series, eight 25ml volumetric flasks were used. The total number of moles
of the metal ion and the ligand was kept constant, while varying the ratio of metal to ligand. As
the concentration of the metal increases, the concentration of the ligand deceases by the same
ratio. Ionic strength of all solutions was maintained at 0.1M using NaClO4. Absorbance
measurements of the solutions were recorded using UV-VIS spectrophotometer, after standing
for 40-60 minutes.

2.3 Methods
2.3.1 Stability Constant
The stability constant is the equilibrium constant for the formation of the metal-ligand
complex in solution. It is a measure of the strength of the interaction, and a higher stability
constant value relates to a more stable complex.
The commonly used equation to measure complex strength by molar absorptivity from
absorbance values is Beer-Lambert’s Law A = bC, where A represents absorbance;  represents
the molar absorptivity constant; b represents path length; and C represents concentration.
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However, because the concentrations for these experiments are small, an extended version of this
equation known as the McConnell Davidson method is used (Eq.1).

b CL = 1 +
1
ML ML KML CM
A

Eq.1

where b represents the path length of the spectrophotometer; CL is the total concentration of
ligand added; A is the measured absorbance; ML is the molar absorptivity of the metal
complex; KML is the stability constant of the metal–ligand complex; and CM represents the
concentration of the metal of interest. The advantage of this equation is that after plotting the
reciprocal of the metal concentration on the x-axis and the reciprocal of the absorbance on the yaxis, a linear graph will form that can give both the molar absorptivity and stability constant
values from just one equation [Fig. 10].

Figure 10. A representative graph of McConnell Davidson Equation
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2.3.2 Job’s plot
Job’s plot is used to determine the stoichiometry or the metal to ligand binding ratio. In
this experiment, the total molar concentration is held constant while the concentration of the
ligand is consecutively increased as the concentration of the metal is decreased. The absorbance
value is measured for each sample and then is plotted against the mole fraction calculated for the
metal of interest. Graphs that form a peak at the 0.5 mole fraction represent a 1:1 metal-ligand
binding ratio [Fig.11]

JOB'S PLOT

Absorbance (𝝀𝒎𝒂𝒙 nm)

0.8
0.7
0.6

0.5
0.4
0.3
0.2
0.1
0
0

0.2

0.4

0.6

Mole Fraction of M

0.8

1

2+

.
Figure 11. A representative Job’s Plot for a metal ion that reacts with a ligand in 1:1 metal
ratio
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3. Results and Discussion
3.1 Stability Constants
Metals combine with ligands according to the following general equation (Eq. 2). M
designates the metal, L designates the ligand, and the MIIL designates the Metal-ligand complex.
M2+ + L  M(II)L

(2)

KMIIL = [ML]/([M2+][L])

(3)

In general, metal-thiaether complexes exhibit strong sulfur-to-metal charge transfer bands
in the vicinity of 300 nm in acetonitrile, which facilitate monitoring of the M(II)L complex
concentration. In acetonitrile media, M([9]aneS3)2+ complexes showed strong absorbance peaks
around 265 – 340 nm. This peak was used to obtain absorbance data for stability constant
determinations and Jobs’ plot data to determine the ratio of metal to ligand in M([9]aneS3)2+
complexes. These form relatively weak complexes in acetonitrile solution. Therefore, we used
the method of McConnell and Davidson and iterative calculations to determine the molar
absorptivity and stability constant of the complex (Eq. 1). The method allows convenient,
simultaneous determination of both molar absorptivity and stability constant for a given weak
metal-ligand complex. The applicable relationship, as derived from mass balance expressions
and Beer's law, may be written in the form (Eq. (1),

b CL = 1 +
1
ML ML KML CM
A

(1)

where b represents the path length of the spectrophotometric cell; CL is the total concentration of
ligand added; M represents the metal of interest, which is any transition metal in this case, and
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ML represents the metal-ligand complex; ML is the molar absorptivity of the MIIL complex; A is
the measured absorbance corrected for any contribution from un-complexed M(II). The value of
[CM = MII = CM] was calculated iteratively by appropriate software as CM - [MIIL']. A more
appropriate equation for the current metal-ligand complex could be written as Equation (4).
𝑏𝐶𝐿
𝐴

=

1
∈𝑀(𝐼𝐼)𝐿

+

1
∈𝑀(𝐼𝐼)𝐿 𝐾𝑀(𝐼𝐼)𝐿 (𝐶𝑀(II)−[𝑀(𝐼𝐼)𝐿′ ])

(4)

In the above equation (4), the primed quantity (MIIL') indicates any anion complexes that may
form in 0.10 M HClO4 by plotting bCL/A against 1/CM yields MsL as the reciprocal intercept and
KMIIL as the intercept/slope ratio.

Our ligand of interest, 1,4,7-Trithiacyclononane, was reacted with first row transition
metals except the first three, namely, scandium (Sc), titanium (Ti) and vanadium (V). The ligand
was also reacted with cadmium (Cd) and lead (Pb). According to our results, chromium (Cr) and
manganese (Mn) showed very small stability constants of 2.8 x102 M-1 (Table 1) and 2.0 x102 M-1
(Table 2) respectively, indicating weak binding with the ligand. Cobalt (Co) and nickel (Ni)
showed slightly stronger binding than chromium and manganese with stability constants of 7.8
x102 M-1 (Table 4) and 5.0 x 103 M-1 (Table 5) respectively. Both iron (Fe) [8 x104 M-1 (Table
3)] and copper (Cu) [3 x104 M-1 (Table 6)] showed better binding out of all the first row
transition metals. Zinc (Zn) didn’t bind the ligand in measurable quantities. Similarly, lead and
cadmium didn’t bind the ligand at all. For chromium, which showed weak binding the metal
captured the ligand only at higher concentrations of the metal. For manganese, cobalt and nickel
the metal bound the ligand at a much lower concentration of the metal. For both iron and copper,
the metal bound the ligand at much lower concentrations of the metal. The results are tabulated
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for all six transition metal ions complexed with the ligand. McConnell-Davidson plots for all six
metal-ligand complexes are shown in graphs. A summary of the stability constants and molar
absorptivity values determined are given in a separate table [Table 7].
The ligand, 1,4,7-Trithiacyclononane when complexed with first row transition metal
ions in acetonitrile showed peaks in the range from 265 -340 nm on the UV-Visible spectrum.
For a given series of the metal ion, increase in the concentration of the metal ion showed increase
in absorbance of the spectra. This indicated the possibility of interaction between the metal and
[9]aneS3. All parameters determined for M([9]aneS3)22+ complexes of first row transition metals
are tabulated in Table 7. Molar extinction coefficients (€) of M([9]aneS3)22+ complexes were
determined to be in the range of 10000 – 34000 M-1cm-1. The stability constants (log β of
M([9]aneS3)22+ were found to be in the range of 1.4– 4.9 M-1 (Table 7). An alternate way to
determine stability constant data is to measure the redox potential of these complexes using
cyclic voltammetry (an electrochemical method). The stability constant values determined for the
M([9]aneS3)22+ complexes in our study need to be validated by electrochemical methods in order
to derive conclusive data.
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3.1.1 Tables and Graphs for Stability Constants
Table 1 – McConell-Davidson Data for Cr([9]aneS3)2 in Acetonitrile 0.1M
(NaClO4)
[L] = 1.8 x 10-4 M, Cell = 1 cm

Cr(ClO4)2, mM

Absorbance

1/Cr(ClO4)2, mM-1

bCl/A, Mcm

2.6

0.12

3.9 x10-1

1.5 x10-3

4.38

0.18

2.3 x10-1

1.0 x10-3

6.14

0.24

1.6 x10-1

7.5 x10-4

8.8

0.32

1.1 x10-1

5.6 x10-4

12.4

0.49

8.1 x10-2

3.7 x10-4

y = 3.6x10-3 x + 1x10-4

slope= 3.6x10-3

Intercept = 1x10-4

1/Intercept= Molar Absorptivity

Intercept/Slope= Stability Constant

=1.0x104(M-1 cm-1)

= 2.8 x102 M-1
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Graph 1 – McConell-Davidson Data for
Cr([9]aneS3)2 in Acetonitrile 0.1M (NaClO4)
[L] = 1.8 x 10-4 M, Cell = 1 cm

y = 0.0036x + 0.0001

1.8E-03
1.6E-03
1.4E-03

bCl/A, Mcm

1.2E-03
1.0E-03
8.0E-04
6.0E-04
4.0E-04
2.0E-04
0.0E+00
0.0E+00 5.0E-02 1.0E-01 1.5E-01 2.0E-01 2.5E-01 3.0E-01 3.5E-01 4.0E-01 4.5E-01

1/Cr(ClO4)2, mM-1
Figure 12. McConnell-Davidson plot of chromium and [9]aneS3
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Table 2 – McConell-Davidson Data for Mn([9]aneS3)2 in Acetonitrile 0.1M
(NaClO4)
[L] = 2.0 x 10-4 M, Cell = 1 cm

bCl/A, Mcm
-1

Mn(ClO4)2, M

Absorbance

1/Mn(ClO4)2, M

2.5 x 10-4

0.2

4.0 x 103

1.0 x 10-3

5.0 x 10-4

0.38

2.0 x 103

5.3 x 10-4

7.5 x 10-4

0.59

1.3 x 103

3.4 x 10-4

1.0 x 10-3

0.7

1.0 x 103

2.9 x 10-4

1.25 x 10-3

0.8

8.0 x 102

2.5 x 10-4

y = 2 x 10-7 x + 4 x 10-5

slope=2 x 10-7 Intercept =4 x 10-5

1/Intercept= Molar Absorptivity

Intercept/Slope= Stability Constant

= 2.5 x 104(M-1 cm-1)

= 2.0 x 102 M-1
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Graph 2 – McConell-Davidson Data for
Mn([9]aneS3)2 in Acetonitrile 0.1M (NaClO4)
[L] = 2.0 x 10-4 M, Cell = 1 cm

y = 2E-07x + 4E-05

1.2E-03

1.0E-03

bCl/A, Mcm

8.0E-04

6.0E-04

4.0E-04

2.0E-04

0.0E+00
0.0E+00 5.0E+02 1.0E+03 1.5E+03 2.0E+03 2.5E+03 3.0E+03 3.5E+03 4.0E+03 4.5E+03

1/Mn(ClO4)2, M-1
Figure 13. McConnell-Davidson plot of manganese and [9]aneS3
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Table 3 – McConell-Davidson Data for Fe([9]aneS3)2 in Acetonitrile 0.1M
(NaClO4)
[L] = 5 x 10-5 M, Cell = 1 cm

bCl/A, Mcm
-1

Fe(ClO4)2, M

Absorbance

1/Fe(ClO4)2, M

1.0 x 10-5

0.57

1.0 x 105

8.8 x 10-5

1.5 x 10-5

0.63

6.7 x 104

7.9 x 10-5

2.0 x 10-5

0.76

5.0 x 104

6.6 x 10-5

3.0 x 10-5

0.81

3.3 x 104

6.2 x 10-5

4.0 x 10-5

1.0

2.5 x 104

5.0 x 10-5

y = 5x10-10x + 4x10-5

slope= 5x10-10

Intercept = 4x10-5

1/Intercept= Molar Absorptivity

Intercept/Slope= Stability Constant

=2.50 x 104(M-1 cm-1)

=8.00 x 104 M-1

Bakhtari

31

Figure 14. McConnell-Davidson plot of iron and [9]aneS3
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Table 4 – McConell-Davidson Data for Co([9]aneS3)2 in Acetonitrile 0.1M
(NaClO4)
[L] = 3.0 x 10-4 M, Cell = 1 cm

1/Co(ClO4)2, M-1

Co(ClO4)2, M

Absorbance

1.0 x 10-4

0.3

1.0 x 104

1.0 x 10-3

1.5 x 10-4

0.43

6.7 x 103

7.0 x 10-4

2.0 x 10-4

0.59

5.0 x 103

5.1 x 10-4

3.0 x 10-4

.76

3.3 x 103

4.0 x 10-4

4.0 x 10-4

1.0

2.5 x 103

3.0 x 10-4

y = 9 x 10-8x + 7x10-5

slope= 9x10-8

bCl/A, Mcm

Intercept = 7x10-5

1/Intercept=Molar Absorptivity

Intercept/Slope= Stability Constant

=1.43 x104(M-1 cm-1)

=7.78 x 102 M-1
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Graph 4 – McConell-Davidson Data for
Co([9]aneS3)2 in Acetonitrile 0.1M (NaClO4)
[L] = 3.0 x 10-4 M, Cell = 1 cm
y = 9E-08x + 7E-05

1.2E-03

bCl/A, Mcm

1.0E-03

8.0E-04

6.0E-04

4.0E-04

2.0E-04

0.0E+00
0.0E+00

2.0E+03

4.0E+03

6.0E+03

8.0E+03

1/Co(ClO4)2, M-1
Figure 15. McConnell-Davidson plot of cobalt and [9]aneS3
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Table 5 – McConell-Davidson Data for Ni([9]aneS3)2 in Acetonitrile 0.1M
(NaClO4)
[L] = 2.0 x 10-4 M, Cell = 1 cm

bCl/A, Mcm
-1

Ni(ClO4)2, M

Absorbance

1/Ni(ClO4)2, M

1.0 x 10-4

0.62

1.0 x 104

3.2 x 10-4

1.5 x 10-4

0.71

6.7 x 103

2.8 x 10-4

2.0 x 10-4

0.84

5.0 x 103

2.3 x 10-4

3.0 x 10-4

.93

3.3 x 103

2.2 x 10-4

4.0 x 10-4

1.1

2.5 x 103

1.8 x 10-4

y = 2.0 x 10-8x + 1.0 x 10-4

slope= 2.0 x 10-8

Intercept = 1.0 x 10-4

1/Intercept=Molar Absorptivity

Intercept/Slope= Stability Constant

=1.0 x104(M-1 cm-1)

=5.0 x 103 M-1
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Graph 5 – McConell-Davidson Data for
Ni([9]aneS3)2 in Acetonitrile 0.1M (NaClO4)
[L] = 2.0 x 10-4 M, Cell = 1 cm y = 2E-08x + 0.0001
3.5E-04

3.0E-04

bCl/A, Mcm

2.5E-04

2.0E-04

1.5E-04

1.0E-04

5.0E-05

0.0E+00
0.0E+00

2.0E+03

4.0E+03

6.0E+03

8.0E+03

1/Ni(ClO4)2, M-1
Figure 16. McConnell-Davidson plot of nickel and [9]aneS3
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Table 6 – McConell-Davidson Data for Cu([9]aneS3)2 in Acetonitrile 0.1M
(NaClO4)
[L] = 4.0 x 10-5 M, Cell = 1 cm

Cu(ClO4)2, M

Absorbance

1.0 x 10-5

0.3

1.5 x 10-5
2.0 x 10-5
3.0 x 10-5
4.0 x 10-5

1/Cu(ClO4)2, M-1

bCl/A, Mcm

1.0 x 105

1.3 x 10-4

6.7 x 104

9.8 x 10-5

5.0 x 104

7.7 x 10-5

3.3 x 104

6.3 x 10-5

2.5 x 104

5.5 x 10-5

0.41
0.52
.64
.73

y = 1 x 10-9x + 3 x 10-5

slope= 1.0 x 10-9

Intercept = 3.0 x 10-5

1/Intercept= Molar Absorptivity

Intercept/Slope= Stability Constant

=3.3 x 104(M-1 cm-1)

=3.0 x 104 M-1
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Figure 17. McConnell-Davidson plot of copper and [9]aneS3
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Table 7. Physical Parameters for M([9]aneS3)22+ in Acetonitrile Solution at 25 C, = 0.10 Ma
Metal Ion

λmax (nm)
(MIIL)

MIIL
(M-1 cm-1)

KMIIL

KMIIL

M-1

(log β)

Ef (V)b

KCMn+Lc
(log β)

Cr2+

310

10000

28

1.4

ND

ND

Mn2+

312

25000

200

2.3

ND

NDs

Fe2+

265

25000

79522

4.9

ND

ND

Co2+

337

14286

777.8

2.9

ND

ND

Ni2+

310

10000

5000

3.7

ND

ND

Cu2+

318

33333

30000

4.8

ND

ND

Zn2+

IS

IS

IS

IS

ND

ND

a

Ionic strength maintained with 0.1M NaClO4 in acetonitrile solution.

Relative to Standard Hydrogen Electrode (SHE).b
c = Determined by modified Nernst equation.
n+ = other oxidation state of the metal ion
IS = Insignificant, ND = Need to be Determined
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Once the formal potentials are determined for the complexes by electrochemistry, the
stability constants of the other oxidation state of the metal bound complexes will be calculated
using the Nernst equation in the form [Equation 5] by employing the formal potential value for
the M2+/n+ complex and the stability constant obtained for M([9]aneS3)2+.

𝐸𝑀(𝑛2+/𝑛+ )𝐿 𝑓 = 𝐸𝑀(𝑛2+ /𝑛+)𝑆𝑜𝑙 𝑓 −

2.303𝑅𝑇
ℱ

log

𝐾 𝑛2+ ′
𝑀
𝐿
𝐾 𝑛+ ′
𝑀
𝐿

[5]

For example, in the above equation (5), EMn2+/n+Lf represents the formal potential of the Mn2+/n+L
complex (assumed to be identical with the half-wave potential), EMn2+/2+solvf represents the
potential for the solvated M(n2+/n+) redox couple which is determined to be 0.1 V (relative to
SHE) in acetonitrile in the presence of 0.1M NaClO4 . KMn2+L’ and KM+L’ are the conditional
stability constants for the oxidized and reduced species respectively.
Redox potentials are attributed to the  acidity of the sulfur donor atoms. Large formal
potentials indicate a huge difference in stability of the M2+/n+ complexes. Interestingly,
according to Rorabacher (Kulailleke 2007) redox potentials are primarily a function of the
stability of the M(n2+)L complex.
3.2 Job’s Plot Data
The Job’s plots data were obtained for M([9]aneS3)22+ complexes of first row transition
metal complexes based on UV-Visible spectroscopy data. The total number of the moles of the
ligand and metal were kept constant while varying the mole ratios of the metal to ligand. The
absorbance values indicated that the maxima were observed when the metal to ligand mole ratio
was 1:2. This was observed for all of the metal ion complexes for the first row transition metal
ions we studied. The Job’s plot data obtained for Fe([9]aneS3)22+ is shown in Table 8.
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Table 8 – Job’s Plot Data for Fe([9]aneS3)2 in Acetonitrile 0.1M (NaClO4)
Cell = 1 cm

Fe(ClO4)2, M

[9]aneS3, M

Absorbance

8 x10-6

1.20 x10-4

0.368

1.6 x10-5

1.06 x10-4

0.657

2.4 x10-5

9.30 x10-5

1.289

3.2 x10-5 *

7.97 x10-5 *

1.295

4.0 x10-5

6.64 x10-5

1.027

4.8 x10-5

5.31 x10-5

0.825

5.6 x10-5

3.98 x10-5

0.662

6.4 x10-5

2.66 x10-5

0.394

7.2 x10-5

1.33 x10-5

0.1776

*The concentration for the highest absorbance value is when the ligand concentration is double
the metal concentration
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Graph 7 – Job’s Plot for Fe([9]aneS3)2 in Acetonitrile 0.1M
(NaClO4)

1.4

Absorbance (265nm)

1.2

1

0.8

0.6

0.4

0.2

0
0

0.00001

0.00002

0.00003

0.00004

0.00005

0.00006

0.00007

0.00008

Iron Concentration
0.00008

0.00007

0.00006

0.00005 0.00004 0.00003
Ligand Concentration

0.00002 0.00001

Figure 18. Job’s plot of iron and [9]aneS3 shows peak absorbance at metal-ligand binding at
approximately 1:2 ratio
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The iron Job’s Plot gave interesting results. Normally, we would expect ligands to bind to metals
in a 1:1 ratio that would give a Job’s Plot with a peak value where the metal and ligand
concentrations are equal [Fig.11]. With iron, we find that the highest absorbance value of 1.295
[Table 8] was measured when the ligand concentration is almost double (7.97 x10-5) the iron
concentration (3.2 x10-5). The Job’s plots were performed for all the metal-ligand complexes we
studied.

4. Conclusion
In summary, we are presenting the results of a heavy metal chelator that could function as
a potential selective chelator for mercury. This ligand shows preferential binding for Hg2+. The
chelator binds first row transition metal ions weakly in a ratio of metal to ligand of 1:2. This
suggests that the ligand 1, 4,7-Trithiacyclononane, presumably binds metal ions in an octahedral
geometry, where the metal ion is sandwiched between two molecules of ligands. 1,4,7Trithiacyclononane has a smaller cavity size compared to other thiaether macrocyclic ligands
[Fig. 19]. Therefore, it could be difficult for the ligand to accommodate the metal ion with one
ligand. Perhaps it uses two ligands to accommodate the metal in a sandwich form in order to
create a more stable octahedral geometry that is very common with metal-ligand complexes.
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+

Mn+

1,4,7-Trithiacyclononane


Metal bound1,4,7-Trithiacyclononane
(Metal ion sandwiched between two ligands)

Figure 19. Free 1,4,7-Trithiacyclononane ligand and its expected geometry for the metal ion
complex
In a previous investigation in the laboratory, it was found that a ligand containing three
nitrogen atoms bound transition metals in a ratio of metal to ligand 1 to 1 [Fig.20]. In our current
investigation, it was very interesting to see a ligand with three sulfur atoms binding metal ions in
a metal to ligand 1 to 2 ratio.

N
N

N
N

H3CO

O

N

N

O

+ Pb2+ 

H3CO

O

Pb2+

O

Figure 20. Free Coumarin chromophore with a ligand containing three nitrogen atoms and its
observed geometry for the metal ion complex
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Future Direction
Most importantly, results of this study opened up new areas for investigation as follows.
1. Why is 1,4,7-Trithiacyclononane not specific for transition metal ions in the first row
transition metals? In general, soft ligands such as 1,4,7-Trithiacyclononane that contain
sulfur atoms preferentially bind only soft metals. However, we observed that 1,4,7Trithiacyclononane binds both soft and hard metals.
2. In a previous investigation in our research laboratory, it has been found that a pyridine
ligand with three nitrogen atoms specifically binds only lead and cadmium (Kulatilleke,
et. al.,). Interestingly, 1,4,7-Trithiacyclononane with three sulfur atoms doesn’t bind lead
or cadmium but mercury with a strong affinity, and other transition metal ions weakly.
What could be the possible reason for this observation?
3. 1,4,7-Trithiacyclononane that contains sulfur is considered a soft Lewis base that prefers
binding soft Lewis acids. However, in our study 1,4,7-Trithiacyclononane bound both
soft and hard Lewis acids. It will be interesting to study this further by reacting the ligand
with other first row transition metals, scandium, titanium and vanadium.
4. What will happen if we attach 1,4,7-Trithiacyclononane to a coumarin ligand?
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